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Abstract
Background—The nitric oxide synthase gene (NOS1) exon 1f (ex1f) VNTR is a known genetic 
risk factor for Attention-Deficit/Hyperactivity Disorder (ADHD), particularly in females. NOS1 
plays an important role in neurite outgrowth and may thus influence brain development, 
specifically white matter (WM) microstructure, which is known to be altered in ADHD. The 
current study aimed to investigate whether NOS1 is associated with WM microstructure in 
(female) individuals with and without ADHD.
Methods—Diffusion Tensor Imaging (DTI) scans were collected from 187 participants with 
ADHD (33% female) and 103 controls (50% female), aged 8–26 years, and NOS1-ex1f VNTR 
genotype was determined. Whole-brain analyses were conducted for fractional anisotropy (FA) 
and mean diffusivity (MD) to examine associations between NOS1 and WM microstructure, 
including possible interactions with gender and diagnosis.
Results—Consistent with previous literature, NOS1-ex1f was associated with total ADHD and 
hyperactivity-impulsivity symptoms, but not inattention; this effect was independent of gender. 
NOS1-ex1f was also associated with MD values in several major WM tracts in females, but not 
males. In females, homozygosity for the short allele was linked to higher MD values than 
*Shared first authors
#Shared last authors
Supporting information
Additional Supporting Information may be found in the online version of this article:
The remaining authors declare no competing or potential conflicts of interest.
HHS Public Access
Author manuscript
J Child Psychol Psychiatry. Author manuscript; available in PMC 2018 August 01.
Published in final edited form as:
J Child Psychol Psychiatry. 2017 August ; 58(8): 958–966. doi:10.1111/jcpp.12742.
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
A
uthor M
an
u
script
carriership of the long allele. MD values in these regions did not correlate with ADHD symptoms. 
Results were similar for participants with and without ADHD.
Conclusions—NOS1-ex1f VNTR is associated with WM microstructure in females in a large 
sample of participants with ADHD and healthy controls. Whether this association is part of a 
neurodevelopmental pathway from NOS1 to ADHD symptoms should be further investigated in 
future studies.
Keywords
ADHD; NOS1; imaging genetics; DTI
Introduction
Attention-deficit/hyperactivity disorder (ADHD) is one of the most common psychiatric 
disorders (Faraone et al., 2015) and is thought to be caused by a combination of genetic and 
environmental risk factors, through different causal or neurobiological pathways (Sonuga-
Barke, 2005, Coghill et al., 2005). Despite its high heritability, only a few genetic risk 
factors have been identified, all with small effects (Franke et al., 2009, Franke et al., 2012, 
Faraone et al., 2015). Moreover, it is still unknown how these genetic risk variants lead to 
the clinical symptoms of ADHD. One approach to better understand the function of genetic 
risk factors in psychiatric disorders is to investigate whether they affect brain structure 
and/or function (Dresler et al., 2014, Durston, 2010), which can help to identify 
neurobiological mechanisms underlying ADHD.
Converging evidence indicates that ADHD is associated with strong and widespread 
alterations in the microstructure and organization of brain white matter (WM) tracts, i.e. the 
structural connectivity between brain regions. In children and adults with ADHD, regions of 
elevated as well as reduced fractional anisotropy (FA) and mean diffusivity (MD) values 
have been reported, measured with Diffusion Tensor Imaging (DTI) (van Ewijk et al., 2012, 
Cortese et al., 2013, Konrad et al., 2010, Onnink et al., 2015). FA represents the direction of 
water diffusion in the brain, whereas MD represents the strength of diffusion, both being 
indicative of the organization and microstructural integrity of brain WM tracts. Altered WM 
connectivity in ADHD has been associated with dysfunctions in cognitive control, as well as 
clinical symptoms of inattention and impulsivity (Konrad et al., 2010, Casey et al., 2007, 
Liston et al., 2011, Nagel et al., 2011, Onnink et al., 2015).
WM alterations in ADHD are likely to have a strong genetic basis. A large study comprising 
data from the Human Connectome Project and the ENIGMA consortium showed heritability 
estimates ranging from 0.53 to 0.90 for eleven major WM tracts analysed using tract-based 
spatial statistics (Kochunov et al., 2015), and genetic effects on WM microstructure have 
been found to be much stronger than shared environmental factors (Jahanshad et al., 2010). 
Furthermore, a comparison of properties of WM microstructure between parents and their 
children with ADHD revealed that WM properties in frontostriatal regions were highly 
correlated between parents and their offspring, suggesting a genetic basis for decreased 
frontostriatal connectivity in ADHD (Casey et al., 2007). Moreover, two DTI studies showed 
that unaffected siblings of subjects with ADHD had similar WM alterations as their affected 
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siblings, suggesting that WM changes observed in ADHD have a shared familial basis 
(Lawrence et al., 2013, van Ewijk et al., 2014). Its strong genetic basis makes WM 
microstructure an interesting candidate for imaging genetics studies in ADHD. For example, 
in Alzheimer’s Disease, associations have been found between FA values and several 
common variants, including variants in the genes encoding the brain-derived neurotrophic 
factor (BDNF), clusterin (CLU), and catechol-O-methyl transferase (COMT) (Wu et al., 
2014). No studies to date have specifically investigated associations of WM properties with 
ADHD risk genes.
An interesting candidate gene for such studies is NOS1 (Nitric Oxide Synthase 1). NOS1 is 
located on chromosome 12 and encodes an enzyme that synthesizes nitric oxide (NO), 
which plays an important role in early brain development. It has been shown that neuronal 
nitric oxide is strongly involved in the differentiation of neurons in the brain, as well as in 
neurite outgrowth (Chen et al., 2006). NOS1 inhibitors have been found to block neurite 
outgrowth, and can cause aberrant outgrowth of axons in the brain (Cramer et al., 1996, 
Kalisch et al., 2002, Park et al., 2016). Variation in this gene has been linked to several 
psychiatric disorders. Association studies and functional studies identified a link between 
single nucleotide polymorphisms (SNPs) in this gene and schizophrenia (Weber et al., 
2014). Furthermore, this gene was among the (suggestive) top-findings of a genome wide 
association study (GWAS) in children with ADHD (Franke et al., 2009, Lasky-Su et al., 
2008), while another study found that NOS1 genotype was associated with ADHD 
symptoms in adults, but not children, with ADHD (Salatino-Oliveira et al., 2016). A 
different type of genetic variant, a variable number of tandem repeats (VNTR), in exon 1f of 
the gene, was linked to impulsivity disorders, including (adult) ADHD (Reif et al., 2009). Of 
the multiple alternative first exons of the gene, the NOS1 exon 1f is highly expressed in the 
brain, specifically in frontostriatal regions. The VNTR in this exon has multiple alleles, 
which have been grouped into long (L) and short (S). Homozygosity for the short alleles 
(S/S) can result in decreased gene expression compared to carriership of long alleles (S/L or 
L/L) (Reif et al., 2009). A significant excess of S alleles has been found in adults with 
ADHD (Reif et al., 2009). Homozygosity for the short allele appears to be specifically 
related to hyperactive-impulsive behaviour, and the hyperactive-impulsive and combined 
types of ADHD (Reif et al., 2009, Tanda et al., 2009, Weber et al., 2015). The association 
between the NOS1 VNTR and ADHD symptoms appears to be gender-specific; both the 
original study as well as a recent meta-analysis showed that the association of NOS1 with 
ADHD and impulsive behaviour was only present in females (Weber et al., 2015, Reif et al., 
2009).
Nitric oxide plays an important role in the differentiation of neurons in the brain, as well as 
in neurite outgrowth (Chen et al., 2006). This suggests early influences of NOS1 on brain 
development, through neurogenesis and WM outgrowth and organization. In addition, NOS1 
has been implicated in a neurobiological network involved in neurite outgrowth, which was 
found when linking the top-results of five early ADHD GWASs (Poelmans et al., 2011). 
Consequently, NOS1 may influence early WM development in the brain, yet no studies to 
date have used DTI to investigate this.
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The current study aimed to investigate the association between the ex1f VNTR in NOS1 and 
WM microstructure, as measured by DTI, in a large sample of subjects with ADHD and 
healthy controls. In particular, we investigated the role of gender, given previous reports of 
gender-specificity of NOS1’s association with ADHD. Exploratory analyses were aimed at 
examining whether this association would be different between individuals with ADHD and 
controls. Given that we are the first to investigate the association between NOS1 and WM 
microstructure using DTI, and the scarcity of previous literature in this area, we did not 
formulate specific hypotheses about the expected effects of NOS1 on DTI parameters or 
specific WM tracts.
Methods
Participants
The current study was part of the NeuroIMAGE project, the Dutch follow-up of the IMAGE 
cohort, which has been described in detail elsewhere (Von Rhein et al., 2014). In short, 
inclusion criteria for the NeuroIMAGE cohort were: age between 6–30 years, European 
Caucasian descent, IQ ≥ 70, and no known neurological or genetic disorder. Individuals with 
comorbid psychiatric disorders reported by parents were excluded, except for oppositional 
defiant disorder (ODD), conduct disorder (CD), and pervasive developmental disorder not 
otherwise specified (PDD-NOS), given their high co-occurrence in ADHD. Complete data 
(i.e. a DTI scan, NOS1 genotyping, and full diagnostic information) were available for 187 
participants with ADHD and 103 healthy controls.
Procedure
The current study made use of a DTI scan that was part of a comprehensive assessment 
protocol, see (van Ewijk et al. 2014). Testing was carried out at two locations in The 
Netherlands (Amsterdam and Nijmegen), using identical protocols. Participants were asked 
to withhold the use of psychoactive medication for 48 hours before measurement. IQ was 
estimated by a short form of the Wechsler Intelligence Scale for Children–III (WISC- III) or 
Wechsler Adult Intelligence Scale–III (WAIS-III; for participants ≥17 years of age) 
containing the Vocabulary and Block Design subtests. This study was approved by the 
regional ethics committee (Centrale Comissie Mensgebonden Onderzoek: CMO Regio 
Arnhem Nijmegen; 2008/163; ABR: NL23894.091.08) and the medical ethical committee of 
the VU University Medical Center. Informed consent was signed by all participants (≥12 
years) and/or their parents (for subjects under 18 years). Participants received 50 euros and a 
copy of their MRI scan after completion of the study.
Diagnostic Assessment
For a full description see (Von Rhein et al., 2014). In short, all participants were assessed 
with a combination of a semi-structured diagnostic interview (Schedule for Affective 
Disorders and Schizophrenia for School-Age Children–Present and Lifetime Version; K-
SADS-PL) (Kaufman et al., 1997) and Conners’ ADHD questionnaires from different 
informants (Conners et al., 1999, Conners et al., 1998a, Conners et al., 1998b). Information 
was combined using an algorithm, to create a combined symptom count from all informants. 
Symptom counts were created for inattentive symptoms and hyperactive-impulsive 
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symptoms separately, as well as a total symptom count (sum of both symptom dimensions). 
ADHD diagnoses were based on full DSM-IV-TR (American Psychiatric Association, 2000) 
criteria, using the combined symptom count. Control participants were required to score ≤3 
symptoms on both symptom dimensions. Criteria were slightly adapted for young adults 
(≥18 years), such that a combined symptom count of 5 symptoms was sufficient for a 
diagnosis (American Psychiatric Association, 2013), and ≤2 symptoms on both symptom 
dimensions were required for controls.
Genotyping
Genotyping was performed on DNA isolated from blood or saliva using standard protocols. 
Generally, 5% blanks as well as duplicates in and between plates were included as quality 
controls during genotyping. All genetic analyses were performed at the Department of 
Human Genetics of the Radboudumc in Nijmegen.
Sequence length analysis of the NOS1-ex1f VNTR was performed for genetic analysis with 
a genetic analyzer (GeneScan) (for genotyping details, see Supplementary Online Material: 
Appendix S1). Fragment length analysis was performed on the ABI prism 3730 Genetic 
Analyzer (Applied Biosystems), and GeneMapper Software version 4.0 (Applied 
Biosystems) was used to determine the different VNTR allele lengths. Alleles were grouped 
into short (S) and long (L) alleles in line with previous studies (Reif et al., 2009, Hoogman 
et al., 2011) (see Table S1).
Imaging acquisition and (pre-)processing
MRI scanning was carried out on a 1.5 Tesla Sonata or Avanto MRI scanner (Siemens, 
Erlangen, Germany), using the same Siemens 8-channel head coil. Whole-brain, high-
resolution T1-weighted anatomical images were acquired in the sagittal plane (MP-RAGE, 
176 slices, acquisition matrix 256 × 256, voxel size 1×1×1 mm; TE/TR=2.95/2730 ms, 
TI=1000 ms, FA=7°, GRAPPA-acceleration). Eddy current-compensated diffusion-weighted 
SE-EPI images were collected during one acquisition consisting of five volumes without 
directional weighting (b=0), followed by 60 volumes with non-collinear gradient directions 
(60 interleaved slices, matrix 64 × 64, voxel size 2 × 2 × 2.2 mm, TE/TR = 97/8500 ms, b-
value 1000 s/mm2, GRAPPA-acceleration 2).
Pre-processing included eddy current correction, realignment (using affine transformations 
and mutual information as a cost function), unwarping image distortions, and correction for 
motion-induced artefacts, using SPM8 (Wellcome Trust Centre for Neuroimaging) 
functionality and in-house developed methods. Tensor images were estimated, and FA and 
MD maps were derived for each participant, which were further processed using FSL’s 
Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006) using standard settings with a 
threshold of FA>0.3. For a full description of image (pre)processing, see Appendix S2.
Data analysis
Group differences in sample characteristics were investigated using analysis of variance and 
Chi square tests in SPSS (version 21, IBM, Chicago, IL, USA). Symptom count differences 
between NOS1-ex1f genotype groups were investigated using Mann-Whitney U tests in 
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SPSS (version 21, IBM, Chicago, IL, USA), given the non-normality of our symptom count 
data. Voxelwise TBSS analyses on FA and MD values were performed in FSL using the 
randomise tool, based on permutation testing (Smith et al. 2006). A General Linear Model 
(GLM) was built with the predictors diagnostic group (ADHD versus controls), genotype 
(risk [S/S] versus other [S/L, L/L]), and gender, and covariates for age and scan site. 
Dependent variables were FA and MD values. To test whether the association between 
NOS1 genotype and WM properties differed between participants with ADHD and controls, 
or between males and females, 3- and 2-way interactions were tested between genotype, 
diagnostic group, and gender. Results were obtained using Threshold-Free Cluster 
Enhancement (TFCE) (Smith and Nichols, 2009), providing results at p<0.05 using family-
wise error (FWE) correction for multiple testing. Anatomical labels of significant clusters 
were identified using built-in Harvard-Oxford and JHU atlases for WM tracts in FSLview.
Mean FA or MD values were extracted from significant clusters to explore associations 
between significant clusters and ADHD symptoms. Pearson correlations between FA or MD 
values and normalized symptom count were conducted for total ADHD symptoms, as well 
as the two separate symptom domains (hyperactivity/impulsivity and inattention symptoms).
Results
Sample characteristics
The final sample included in the analyses consisted of a total of 290 individuals between 8 
and 24 years of age, including 170 children (under 18 years of age) and 120 young adults 
(18–25 years). Sample characteristics are summarized in Table 1. Taking into account the 
three main factors that were included in the analyses (genotype, gender, and diagnostic 
group), subgroups consisted of 60 individuals with the risk genotype (including 26 ADHD 
males, 14 ADHD females, 9 control males, and 11 control females) and 230 individuals with 
other genotypes (including 100 ADHD males, 47 ADHD females, 42 control males, and 41 
control females). For a schematic overview of the sample, see Figure 1. Motion parameters 
were recorded for all subjects during the scan. The average displacement (translation) over 
all directions was compared between groups, to ensure that motion differences between 
groups did not confound results of the analyses. Motion parameters did not differ between 
diagnostic groups (F(1,286)= .408, p=.524), genotypes (F(1, 286)=1.891, p=.170), or gender 
(F(1, 286)=.019, p=.891).
Genotype and ADHD symptoms
Genotype was equally distributed over the two diagnostic groups. We did observe 
differences between genotypes in the number of ADHD symptoms: subjects with the risk 
genotype (S/S) (n=60) had higher hyperactive-impulsive and total ADHD symptom scores 
compared with subjects with the other genotypes (n=230) (see Table 1 for details). When the 
analysis was repeated in subgroups stratified by gender, no clear gender-specific pattern 
emerged (see Table 1), suggesting that the association between NOS1 and ADHD symptoms 
was not female-specific. Of note, it is possible that stratification by gender and diagnostic 
group would show a different pattern, since it is possible that this association is only or 
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mostly present in females with ADHD. However, the current sample was too small for such 
subgroup analyses (smallest group: n=9 male control subjects with the risk genotype).
White matter microstructure, NOS1 and ADHD
First, we tested the 3-way interaction between genotype, gender and diagnostic group. We 
found no significant clusters for a 3-way interaction on FA or MD values (all p>.228). Of 
note, this finding should be interpreted with care given that the smallest group in this 
analysis consisted of only n=9 individuals (control males with the risk genotype).
Second, we investigated the genotype by gender interaction. We found a significant 
interaction on MD values in several major WM tracts, captured in four clusters (see Table 2 
and Figure 2). Clusters of significant voxels were located in the bilateral anterior, superior, 
and posterior corona radiata, the body of the corpus callosum, the right superior longitudinal 
fasciculus and the posterior internal capsule. No significant results were found for FA values 
(all p>.538). To further interpret the genotype by gender interaction, mean MD values from 
the significant voxels were plotted, stratified by gender, for visualisation purposes (see 
Figure 2), and TBSS analyses were re-run in males (n=177) and females (n=113) separately 
as a post-hoc analysis. Results revealed a main effect of genotype on MD in females (n=25 
risk genotype versus n=88 other genotypes) in the right anterior, superior, and posterior 
corona radiata, anterior and posterior internal capsule, external capsule, genu of the corpus 
callosum, and superior longitudinal fasciculus (see Figure 3). The risk genotype was 
associated with higher MD values compared with the other genotypes (p=.013, d=0.57). 
Exploratory correlation analyses were conducted to examine whether these clusters were 
associated with ADHD symptoms. No significant correlations were found between mean 
MD values from the significant clusters and the number of ADHD symptoms (−.09 > rs > −.
12. and all p>.216 for inattention, hyperactive-impulsive, and total symptoms). No genotype 
effects on MD values were found in males (n=35 risk genotype versus n=142 other 
genotypes) (all p≥.165).
Third, for reference, we tested the main effect of ADHD. Lower FA and MD values were 
found for ADHD compared to controls in widespread white matter tracts including, but not 
limited to, the bilateral internal capsule, superior longitudinal fasciculus, forceps minor, and 
the corpus callosum. Of note, more extensive analyses and interpretation of group 
differences between ADHD and control participants in this cohort have been described in 
detail in previously published work (van Ewijk et al., 2014), and were therefore not repeated 
in the current study. The majority of participants in the current study were also included in 
this previous publication (86% of the ADHD subjects and 97% of the controls). A 
comparison between the effects of genotype and group in the current sample revealed that 
voxels showing genotype effects on MD values overlapped for 55% with group effects for 
ADHD on FA values.
Of note, twelve participants were not able to comply to the 48-hour medication washout 
period before testing, resulting in 7 participants with a 24-hour washout and 5 participants 
using medication during measurement. Medication use did not differ between the genotypes 
(see Table 1), and results remained similar when these participants were excluded from the 
analyses.
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Discussion and Conclusion
The current study was the first to investigate whether the NOS1 exon 1f VNTR, a known 
risk variant for adult ADHD in females, is associated with the microstructure and 
organisation of WM tracts. We found association between NOS1 genotype and ADHD 
symptoms, and showed that NOS1 exon 1f VNTR genotype was associated with the 
microstructure and organisation of brain WM tracts in individuals with and without ADHD, 
specifically in females.
We replicated previously observed associations of NOS1 with specifically hyperactive/
impulsive and total ADHD symptoms, but not the inattentive symptoms (Reif et al., 2009, 
Weber et al., 2015) in an independent sample. These findings extend previous findings by 
showing that this association is also observed in children and adolescents.
Results from the whole-brain analyses revealed that the NOS1 risk genotype (S/S) was 
associated with higher MD values in several major white matter tracts in females, but not 
males. The strong genetic basis of the organisation and microstructure of WM tracts 
(Kochunov et al., 2015) suggests a directional influence of the NOS1-ex1f risk genotype on 
the development of brain WM. Such an effect is consistent with fundamental research that 
shows involvement of NOS1 in neurite outgrowth (Chen et al., 2006). Homozygosity for the 
short allele was associated with higher MD values in several major WM tracts, including the 
anterior, superior, and posterior corona radiata, superior longitudinal fasciculus, genu of the 
corpus callosum, anterior and posterior internal capsule, and external capsule. MD is 
sensitive to a wide range of tissue properties (Jones et al., 2013). Higher MD values can, for 
example, be indicative of demyelination, lower axonal density, or axonal degeneration. 
However, interpretation of diffusion tensor measures such as MD should be performed with 
great care, since these are complex measures that are sensitive to a wide range of tissue 
properties and are thus fairly nonspecific (e.g., Jones et al., 2013, Alexander et al., 2007). 
Despite this ambiguity in the biological interpretation of our finding, we can conclude that 
homozygosity for the short allele is a risk factor for alterations in WM microstructure. This 
could possibly indicate aberrant outgrowth and organisation of WM tracts during early brain 
development, or degeneration of these tracts throughout later developmental stages.
The association of NOS1 genotype and WM properties was only present in females. A 
female specificity of the NOS1 effects was indeed expected based on the earlier studies 
linking the exon 1f variant to ADHD status and ADHD-like symptoms (Reif et al., 2009, 
Weber et al., 2015). One possible explanation could be given by the fact that the promoter 
region of exon 1f harbours an oestrogen binding site (Reif et al., 2009), and a link between 
oestrogen and upregulation of nitric oxide synthases has indeed been found (Nuedling et al., 
2001). Consequently, it is possible that oestrogen binding influences NOS1 expression, and 
thereby (indirectly) influences the development or degeneration of WM tracts in females. Of 
interest for this theory is that the age-range of the current study includes puberty, although 
beyond the scope of this research, a very important developmental stage considering 
oestrogen availability. These results underline the importance of taking gender into account 
in future imaging (genetics) studies of WM tracts, specifically in psychiatric disorders such 
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as ADHD, since males and females may have different mechanisms underlying WM 
abnormalities.
The association of NOS1-ex1f with WM microstructure was independent of ADHD status, 
indicating that the relationship between NOS1 and WM development is similar in persons 
with and without ADHD. However, this result should be interpreted with care, given the 
relatively small subgroups (n≥9) included in this exploratory analysis. Replication in larger 
samples is warranted to determine whether the association between NOS1 and WM is 
indeed independent of ADHD status.
Regions showing an association of WM microstructure with NOS1 strongly overlap with 
those previously found altered FA and MD in individuals with ADHD (Cortese et al., 2013, 
Hamilton et al., 2008, Nagel et al., 2011, van Ewijk et al., 2014). WM microstructure in 
these regions has shown to differ between individuals with ADHD and controls (Cortese et 
al., 2013, Hamilton et al., 2008, Nagel et al., 2011, van Ewijk et al., 2014), and has been 
associated with ADHD symptoms and cognitive measures of inattention and hyperactivity-
impulsivity (Konrad et al., 2010, Li et al., 2010, Witt and Stevens, 2015, Onnink et al., 
2015). Furthermore, effects of NOS1 on MD overlapped for 55% with voxels that also 
showed an association between ADHD and FA values in our sample. However, the current 
study did not find a main effect or interaction with ADHD status, potentially due to our 
sample sizes of the subgroups. These results show that, even though FA and MD may 
represent different neurobiological mechanisms, NOS1 and ADHD are both associated with 
white matter integrity in strongly overlapping regions. We could not confirm a dimensional 
relationship between MD values in these regions and ADHD symptoms in the current 
sample. Due to the fact that our sample was recruited to have either a very low number of 
symptoms (control participants), or symptoms in the clinical range (ADHD participants), our 
data was not optimally suitable to examine such an association between white matter 
microstructure and the dimensional spectrum of ADHD symptoms.
The current results should be viewed in light of some strengths and limitations. We are the 
first to study the role of the ADHD genetic risk factor NOS1-ex1f on WM microstructure 
using DTI, and this combination might elucidate mechanisms contributing to the clinical 
symptoms of ADHD more completely than the analysis of any of these parameters in 
isolation. Another strength is that our relatively large sample size allowed us to investigate 
possible differential effects of ADHD status and gender, resulting in our female-specific 
finding, potentially overlooked in other studies, specifically as most ADHD studies have an 
excess of male participants. A limitation is that the subgroups in our sample were too small 
for detailed subgroup analyses or interactions, as the expected genetic effect of the VNTR in 
NOS1 for complex phenotypes is small to moderate. Therefore, we are not able to draw 
strong conclusions regarding whether the association between NOS1 and WM 
microstructure is independent of ADHD status, whether the association between genotype 
and ADHD symptoms was gender-specific, and whether there may be an association 
between MD values and ADHD symptoms in the regions where we found a NOS1 effect. 
Larger female samples in future studies with a more representative distribution of ADHD 
symptoms across the entire spectrum are needed to further explore this. Larger samples 
could also provide the opportunity to study the role of age, as it is possible that the role of 
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NOS1 on neurite outgrowth could have different expression during different periods of 
development.
In sum, we here show that the exon 1f VNTR in NOS1 is associated with ADHD symptoms 
and, specifically in females, with the microstructure and organisation of several major WM 
tracts that are also implicated in ADHD. These findings may elucidate (part of) a 
neurobiological pathway from NOS1 variation to ADHD, through WM development. Of 
note, the effect was observed in subjects with ADHD as well as controls. As ADHD is a 
multifactorial disorder, this may indicate that NOS1 - and its effect on WM microstructure - 
is one of many possible risk factors underlying the disorder, and that a combination with 
other risk factors is needed for clinical manifestation of the disorder. Our findings provide 
new insights into the neurobiological mechanisms underlying ADHD, as well as the 
involvement of NOS1 in the development and organisation of brain WM tracts in individuals 
with and without ADHD, warranting replication and further exploration in large independent 
studies.
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Key points
• This study replicates associations of NOS1 with hyperactive/impulsive and 
total ADHD symptoms, but not the inattentive symptoms, and shows that this 
association is also observed in children and adolescents with ADHD.
• For the first time an ADHD candidate genetic variant ([S/S] of NOS1-ex1f), 
was associated with differences in several major WM tracts in females, but 
not males.
• Female specificity for the NOS1-ex1f ADHD association was known. We 
showed additionally female specificity for NOS1 and WM. These results 
underline the importance of gender in future imaging (genetics) studies, since 
males and females may have different mechanisms underlying WM 
abnormalities.
• These findings may elucidate (part of) a neurobiological pathway from NOS1 
variation to ADHD, through WM development.
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Figure 1. 
Schematic overview of the sample, stratified by the main predictors in the analyses: 
Diagnostic group (ADHD versus controls), genotype (risk [S/S] versus other [S/L and L/L]), 
and gender (male versue female).
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Figure 2. 
Main results from the voxelwise tract-based spatial statistics (TBSS) analysis. For 
visualisation of the interaction between NOS1 genotype and gender, mean MD value derived 
from all significant clusters are plotted, stratified by gender.
Note. Results are overlaid on a standard MNI152 template with the mean skeleton in green 
(FA>0.3), and were “thickened” towards the full width of the tract for visualization 
purposes.
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Figure 3. 
Results from the follow-up analysis, showing an association between NOS1 genotype and 
mean diffusivity (MD) specifically in females (n=113).
Note. Results are overlaid on a standard MNI152 template with the mean skeleton in green 
(FA>0.3), and were “thickened” towards the full width of the tract for visualization 
purposes.
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